SUMMARY The purpose of this study was to assess the effects of acute alterations of the pulmonary circulation on the pulmonic valve echocardiogram. We measured the pulmonic valve opening velocity (PVOV) and right-sided systolic time intervals (right ventricular preejection period-to-right ventricular ejection time ratio [RPEP/RVET] ) in 22 open-chest dogs subjected to acute hemodynamic alterations produced by inferior vena cava constriction, atrial pacing, isoproterenol infusion and microsphere embolization of the pulmonary artery. We found only fair correlations between PVOV and peak pulmonary artery flow (r = 0.56), right ventricular dp/dt (r = 0.43), stroke volume (r = 0.42), pulmonary artery systolic pressure (r = 0.33) and peak pulmonary artery acceleration (r = 0.31). RVET was shortened by reduced venous return (caval constriction) and by increases in heart rate (atrial pacing and isoproterenol), which resulted in increases in RPEP/RVET that did not correspond well to simultaneous changes in pulmonary artery pressure. In seven patients breathing 10% 02 to raise pulmonary artery pressure acutely, we found no change or a fall in PVOV. Thus, the pulmonic valve echocardiogram is influenced by multiple factors relating to parameters of pulmonary flow and right ventricular contractility, and may be of limited clinical usefulness in predicting pulmonary artery pressures.
SUMMARY The purpose of this study was to assess the effects of acute alterations of the pulmonary circulation on the pulmonic valve echocardiogram. We measured the pulmonic valve opening velocity (PVOV) and right-sided systolic time intervals (right ventricular preejection period-to-right ventricular ejection time ratio [RPEP/RVET] ) in 22 open-chest dogs subjected to acute hemodynamic alterations produced by inferior vena cava constriction, atrial pacing, isoproterenol infusion and microsphere embolization of the pulmonary artery. We found only fair correlations between PVOV and peak pulmonary artery flow (r = 0.56), right ventricular dp/dt (r = 0.43), stroke volume (r = 0.42), pulmonary artery systolic pressure (r = 0.33) and peak pulmonary artery acceleration (r = 0.31). RVET was shortened by reduced venous return (caval constriction) and by increases in heart rate (atrial pacing and isoproterenol), which resulted in increases in RPEP/RVET that did not correspond well to simultaneous changes in pulmonary artery pressure. In seven patients breathing 10% 02 to raise pulmonary artery pressure acutely, we found no change or a fall in PVOV. Thus, the pulmonic valve echocardiogram is influenced by multiple factors relating to parameters of pulmonary flow and right ventricular contractility, and may be of limited clinical usefulness in predicting pulmonary artery pressures.
CHARACTERISTIC ALTERATIONS of echocardiographic pulmonic valve motion in the presence of pulmonary hypertension have been reported.' These include rapid pulmonic valve opening velocity (PVOV),' attenuation or abolition of the normal presystolic pulmonic valve opening ("a" dip),'. 2 and prolongation of the right ventricular preejection period-to-right ventricular ejection time ratio (RPEP/ RVET).3 4 Several authors have suggested, on the basis of these studies, that pulmonic valve echocardiography may be useful in the serial assessment of the pulmonary circulation and permit noninvasive detection of developing pulmonary hypertension. 1' 4 However, all the studies reported have been performed on patients with chronic pulmonary hypertension. Little information is available on the effects of acute changes in pulmonary artery pressure on pulmonic valve motion. In fact, the determinants of pulmonic valve motion in general are not known. Therefore, to evaluate the effects of various acute hemodynamic alterations on the pulmonic valve echocardiogram and to determine what factors influence pulmonic valve motion, we performed experiments in both animals and patients.
Methods

Animal Studies
Twenty-two dogs were anesthetized with intravenous chloralose-urethane, intubated and ventilated with a Harvard respirator. A mid-sternal thoracotomy was performed. The pericardium was incised anteriorly and sutured to the chest wall so that the heart was suspended in a pericardial cradle. A #7F Swan-Ganz catheter was inserted into the right ventri-cle from the femoral vein for pressure monitoring, and a #8F polyurethane catheter was inserted into the abdominal aorta from the femoral artery. A short length of polyethylene tubing was inserted directly into the left pulmonary artery via an arteriotomy to record pulmonary artery pressures; this avoided placing a catheter across the pulmonic valve, which might alter the valve motion. In the first 17 dogs, stroke volume was determined by using a square-wave Statham SP2202 electromagnetic flow meter with electronic nonocclusive zero and a Statham SP7516 cuff type flow probe placed snugly around the ascending aorta. In an additional group of five dogs, the flow meter was placed snugly around the main pulmonary artery to record instantaneous pulmonary artery flow. The time derivative of the pulmonic flow (dQ/dt) was obtained by electronic differentiation and used to measure peak acceleration.
The pulmonic valve echocardiogram was obtained using methods previously described by us.5 A 2.25-MHz echocardiographic transducer was placed lightly on the right ventricular outflow tract, aimed at the pulmonic valve and fixed in place by rigid bars attached to the surgical table to avoid transmitted motion. Echoes were obtained using a Smith Kline Ekoline ultrasonoscope interfaced with a photographic recorder (Electronics for Medicine DR-8). All recordings were made at paper speeds of 100 mm/sec. We were usually able to record only the posterior pulmonary valve cusp. PVOV was measured in the steepest part of the pulmonic valve opening' by one observer. Data from at least three CONTROL cardiac cycles were averaged. The respirator was stopped at end-expiration during each recording, to avoid respiratory changes. No period of apnea exceeded 10 seconds, and no hemodynamic alterations were noted during this time. A control pulmonic valve recording is shown in figure 1 . The right-sided systolic time intervals (RPEP/RVET) were measured as described by Hirschfeld et al. 3 The onset of ejection was chosen as the point of rapid posterior leaflet motion, where the closed-valve echo changed from a thick to a thinner one ( fig. 2 ). The termination of ejection was taken as the junction of the fine leaflet echo with the thicker closed-valved echo after the rapid, anterior, closing motion of the valve. RPEP was measured from the initial QRS deflection to the onset of pulmonic valve opening.
Besides the PVOV and the RPEP/RVET we had planned to evaluate the response of the presystolic valve opening ("a" dip) and the diastolic valve slope to various interventions, as these parameters have also been described as abnormal in pulmonary hypertension. ' 2 However, we found that the "a" dip was minimal or absent in most of our dogs, and the diastolic slope usually flat, possibly as a result of the moderate elevation of pulmonary artery and right ventricular pressures induced by anesthesia and surgery and/or the use of an open-chest preparation with the heart in a pericardial cradle, which may affect presystolic cardiac motion.
Control hemodynamic and echocardiographic recordings were made. Then, in the first group of 17 dogs, a series of alterations was undertaken to alter PULMONARY EMBOLIZATION 6 fig. 3 ).
The effects of increases in pulmonary artery pressure were evaluated by means of pulmonary embolization with microspheres. Significant elevation in pulmonary artery pressures with embolization was not accompanied by rises in PVOV. Stroke volume also did not change (table 2, figs. 1 and 4) .
Isoproterenol infusion was given to increase myocardial contractility and heart rate. This intervention caused increases in pulmonary valve opening velocity and significant rise in right ventricular dp/dt, but pulmonary artery pressure and stroke volume were unchanged (table 3) . When heart rate was increased by atrial pacing, PVOV and right ventricular dp/dt did not increase (table 4) .
Changes in RPEP/RVET during pulmonary microsphere embolization were not significant despite increased pulmonary pressures. RPEP/RVET increased significantly during inferior vena cava constriction, while pulmonary pressure fell ( fig. 5) , largely because of a decline in RVET during constriction. Similar rises in RPEP/RVET were due largely to abbreviation of RVET during atrial pacing and isoproterenol infusion.
In the five dogs that had direct measurement of pulmonary artery flow, all of the above interventions were carried out, and the results were similar to those given above. Peak pulmonary artery flow or acceleration in these dogs was correlated with PVOV ( fig. 6) . In all the dogs, correlations between PVOV and stroke volume, right ventricular dp/dt, pulmonary artery systolic pressure, heart rate and pulmonary vascular resistance were determined. In descending order they were: PVOV vs peak pulmonary artery flow, r = 0.56 (p < 0.01) (fig. 6) tricular dp/dt, r = 0.43 (p < 0.01); PVOV vs stroke volume, r = 0.42 (p < 0.01); PVOV vs pulmonary artery systolic pressure, r = 0.33 (p < 0.05); PVOV vs dQ/dt, r = 0.31 (p < 0.05). For PVOV vs both heart rate and pulmonary vascular resistance, r was less than 0.2 (p = NS).
Patient Studies
The patient studies are summarized in table 5. Control pulmonary artery mean pressure was 30 + 12 mm Hg (SD) (range 13-50 mm Hg). Control PVOV was 368 ± 101 mm/sec (range 265-576 mm/sec). Maximum individual beat-to-beat variation in PVOV measurements ranged from 5-102%. The mean pulmonary artery pressure rose from 30 ± 12 to 35 ± 14 mm Hg (p < 0.05) during 10% 02 breathing, but neither the right ventricular dp/dt nor the PVOV changed significantly. In patients 1, 2, 5 and 7, the right ventricular stroke volume showed a large drop during 10% 02 breathing, (range 33-51% of control). In this subgroup of patients, the PVOV fell from 396 + 125 to 337 + 99 mm/sec (p < 0.05), despite a rise in their mean pulmonary artery pressure, from 26 ± 11 to 31 ± 11 mm Hg (p < 0.05).
Discussion
This study suggests that PVOV is determined by the interaction of multiple factors that relate best to parameters of right ventricular contractility: peak pulmonary artery flow and acceleration, right ventricular dp/dt, right ventricular stroke volume and pulmonary artery systolic pressure. These parameters Since neither PVOV nor RPEP/RVET were altered primarily by changes in pulmonary artery pressure alone, it seems unlikely that changes in either PVOV or RPEP/RVET can be used as a noninvasive index of any one hemodynamic or physiologic measurement during acute alterations in the pulmonary circulation. For example, in experiments designed to reproduce the clinical condition of acute pulmonary embolus (microsphere pulmonary embolization in the dogs and hypoxia-induced pulmonary vasoconstriction in the patients), the PVOV failed to rise despite acute rises in the pulmonary artery pressure and actually fell in patients who had a marked drop in stroke volume. Similarly, RPEP/ RVET in animals did not change significantly despite rising pulmonary artery pressure during microsphere embolization, but did increase during inferior vena 4 have also emphasized the potential usefulness of serial RPEP/RVET determinations in detecting the development of pulmonary hypertension, particularly in children with congenital heart disease and increased pulmonary blood flow. While we do not disagree with this, our study suggests that it may be important to consider whether serial changes in RPEP/RVET could be due to other factors besides developing pulmonary hypertension, such as differences in heart rate, stroke volume or myocardial contractility. For example, our inferior vena caval constriction studies showed that RPEP remained constant and RVET decreased as venous return to the heart was reduced. This resulted in increases of RPEP/ RVET, even though pulmonary artery mean pressure fell. Other investigators have also shown that multiple factors alter the right ventricular systolic time intervals: RVET is shortened by increases in heart rate and lengthened by increases in stroke index,"' 12 and RPEP may decrease when heart rate increases.3'1 9, 11 In this study we excluded technical factors that may influence echocardiographic recordings and measurements. A strip chart recorder speed of 100 mm/sec was used for accuracy2 and care was taken to maintain a constant and not excessively caudad transducer angle in animal and patient studies. 13 We conclude that PVOV and right ventricular systolic time intervals are influenced by multiple factors, including pulmonary artery flow and acceleration, pulmonary artery pressure, right ventricular contractility, stroke volume and venous return. These factors must be taken into account when attempting to use the pulmonic valve echocardiogram to estimate pulmonary artery pressure in patients, and may limit the clinical usefulness of such measurements.
